Abstract. The progress on laser feedback interferometry technology is reviewed. Laser feedback interferometry is a demonstration of interferometry technology applying a laser reflected from an external surface, which has features including simple structure, easy alignment, and high sensitivity. Theoretical analysis including the LangKobayashi model and three-mirror model are conducted to explain the modulation of the laser output properties under the feedback effect. In particular, the effect of frequency and polarization shift feedback effects are analyzed and discussed. Various applications on various types of lasers are introduced. The application fields range from metrology, to physical quantities, to laser parameters and other applications. The typical applications of laser feedback technology in industrial and research fields are discussed. Laser feedback interferometry has great potential to be further exploited and applied.
Introduction
Laser feedback interferometry, or self-mixing interferometry, is a demonstration of interferometry technology applying a laser reflected from an external surface. 1 Unlike traditional laser interferometry, laser feedback interferometry does not need additional optical elements for inducing interference outside the laser cavity. 2 Instead, self-mixing interference occurs inside the laser cavity. The laser feedback phenomena can easily be caused by any surface in the light paths of the optical systems. Previously, laser feedback phenomena was regarded as damaging to the laser's performance because it induced instability in the laser power and frequency or caused strong quantum noises and coherent collapse. 3 However, since its application by King and Steward as a displacement sensor in 1963, 4 ,5 a massive amount of both theoretical and experimental work has been done in the field of laser feedback interferometry. According to laser feedback theory, laser intensities, polarization states, and phase behavior of lasers can be modified by introducing coherent optical feedback from external surfaces. Also, the bandwidth of the lasers can be enhanced or compressed under the laser feedback effect.
As long as the electromagnetic wave emitted is reinjected back into the laser cavity, self-mixing interference will be caused. 6 The laser feedback effect is a remarkably universal phenomenon that can be observed in lasers of all different types. Among the work reported before, the laser feedback effect has been observed in gas lasers, 7 semiconductor diode lasers, 8 solid-state lasers, 9,10 vertical-cavity surface-emitting lasers (VCSELs), 11 mid-infrared lasers, 12 and terahertz quantum cascade lasers (THZ QCLs), 13 as well as in interband cascade lasers, 14 fiber 15 and fiber ring lasers, 16 micro ring lasers, 17 and quantum dot lasers. 18 Compared to traditional laser interferometry, laser feedback interferometry has inherent advantages. The structure is more compact with fewer optical elements, the optical setup is easier for alignment, the laser feedback signal is detectable everywhere on the beam, and the beam at the target side can be exploited in special applications. Since laser feedback interferometers have no limits on the types of lasers, a variety of lasing wavelengths and bandwidths can be realized. The laser feedback interferometer can operate on a normal diffusing target surface due to its high sensitivity. Above all, with the growing need for precise measurement under various conditions, laser feedback interferometry is becoming more and more widely applied. 19 This paper aims to provide an overall view of laser feedback interferometry. The framework of the paper is structured as follows. Section 2 reveals the theoretical analysis of laser feedback interferometry. Together with traditional laser feedback, the scheme and principles of the frequency-shifted and polarization-shifted laser feedback are proposed. Section 3 is an overview of the laser feedback effect on applications in metrology, including displacement, vibration, distance, velocity, angle, and thickness measurement. Section 4 reveals laser feedback interferometry used for laser parameters measurement, such as linewidth, line width enhancement factor, and polarization cross-saturation coefficient. In Sec. 5, the measurement of physical quantities is discussed, including refractive index, internal stress, thermal expansion coefficient, evaporation rate of liquid, and acoustic field distribution. In Sec. 6, applications including confocal tomography and imaging technology, sound rehabilitation, random bit generator, and chaos generator are explored. A summary and promising future directions are discussed in Sec. 7.
Theoretical Analysis of Laser Feedback
Interferometry The laser feedback effects in all kinds of lasers are always following the same principle. Light is emitted from the laser cavity and then transmitted to an external target. From the *Address all correspondence to: Yanxiong Niu, E-mail: niuyx@buaa.edu.cn surface of the target, the light is partially reflected and transmitted back into the laser cavity in the same optical path, where a portion of the light re-enters the laser cavity. Then, the reinjected light interacts with the resonant mode of the laser, and the property of the laser is modulated. Since the laser has a self-coherent nature, laser feedback systems are only sensitive to the laser reflected back to the laser cavity, suppressing most of the external radiation entering the laser cavity, which is regarded as noise in laser feedback systems. Due to the fact that all kinds of laser feedback interferometers share the same theoretical basis, the theoretical analyses are of great significance in revealing the phenomena in laser feedback effects and bringing to light potential applications.
In the transmission process, the feedback light passes through the optical path twice and is reflected by the surface of the target. Then, the reinjected light is embedded with the information of the external optical path or the property of the target. The feedback process brings the information back into the laser cavity. The interaction or the interference between the feedback light and the laser cavity causes modulations in the laser output properties, such as intensity, polarization state, working frequency, and phase position. Beam properties can be monitored by various kinds of detectors, and the information can be demodulated. Therefore, information about the target or external optical path can be easily obtained in a highly sensitive way. To fulfill precise demodulation of the information in the feedback light, theoretical analyses need to be carried out. Below are the two most commonly used methods for analyzing the laser feedback effect. Also, the effects of frequency and polarization shift feedback are discussed as important research foci to be explored further.
Lang-Kobayashi Model and Three-mirror Model
Lang and Kobayashi 20 reported the laser feedback effect in laser diodes. They analyzed the multistable and hysteresis phenomena in laser diodes and put forward a theoretical solution by defining the degree of matching between the external feedback cavity and the laser resonant cavity. A component representing the effect of the external feedback in the form of a complex number has been added to the rate equations of diode lasers, which is known as the famous Lang-Kobayashi model. The proposal of this model has laid a solid foundation for the following studies.
The space between the output mirror of the laser cavity and the surface of the object is called the laser external feedback cavity. If the coupling strength between the laser cavity and the external cavity is κ, the standard Lang-Kobayashi equation can be expressed as follows: [21] [22] [23] [24] [25] E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 1 9 8
where EðtÞ is the scaled, slowly varying complex envelope of the electric field; ω is the laser mode angular velocity; t is the time; ω m is the cavity resonance angular frequency; Γ is the optical confinement factor; G is the gain in the laser cavity; τ p is the photon lifetime in the laser cavity; τ ext is the external feedback cavity round-trip time; andκ is the feedback coupling rate, meaning the reinjected light is coupled into the laser cavity at this rate, which can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 7 1 9κ
The gain term G is also related to another variation, which is the carrier density N. It can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 3 ; 3 2 6 ; 6 5 4
where η i is the current injection efficiency of the laser diodes, I is the laser driving current, q is the charge of an electron, V is the cavity volume, τ n is the carrier lifetime, and S is the photon density in the laser cavity. Equation (1) together with Eq. (3) describes the laser diodes dynamics under optical feedback.
Performing the differentiation of the product on the left side of Eq. (1), it can be deduced as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 4 ; 3 2 6 ; 5 2 2
In order to obtain the phase property through the rate equations, the phase φðtÞ of the scaled, slowly varying complex envelope of the electric filed EðtÞ is defined as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 5 ; 3 2 6 ; 4 2 6
Combining Eqs. (4) and (5), the phase can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 6 ; 3 2 6 ; 3 5 9
Using the linewidth enhancement factor α, which is defined as the ratio of change in the real part of the laser refractive index to the change in the imaginary part of the laser refractive index, Eq. (6) can be deduced as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 7 ; 3 2 6 ; 2 5 1
The Lang-Kobayashi model is time-dependent and can be used to describe the dynamic properties of active materials. It is found to give a remarkably accurate modeling of both the weak-level feedback phenomena and the high-level feedback chaos-related dynamics. Although it is deduced on the basis of the performance on laser diodes, it predicts many complex behaviors over short-time scales that have been observed in practice. In contrast to the dynamic LangKobayashi model, there also exists another way of analyzing the laser feedback effect, which employs the geometry of the laser feedback cavity and effective reflectivity. Unlike the dynamic description obtained by adding the feedback effect component in the rate equations as in the Lang-Kobayashi model, the three-mirror model employs the static analysis method. The three-mirror model is equivalent to the LangKobayashi model in analyzing the phenomena in the laser feedback technology, but the analysis processes of the two models focus on different aspects. de Groot 26 proposed the three-mirror model, which explains the feedback effect in the aspect of the laser output intensity. The key point in the three-mirror model is to treat the reflective target asUnder the laser feedback effect, the reflective index r 2 can be replaced by r eff , such that the optical field loss rate with laser feedback influence γ eff c can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 2 ; 3 2 6 ; 6 8 4
The initial rate equations in the laser can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 3 ; 3 2 6 ; 6 3 4
where N 0 is the inversion particle number under a small signal, γ is the inversion particle loss rate, and B is the stimulated radiation coefficient. The rate equations under the laser feedback effect can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 4 ; 3 2 6 ; 5 1 9
Comparing Eqs. (13) and (14), it can be seen that, under the effect of laser feedback, the intensity of the laser output has been added with a modulation component, while the phase ϕ can be defined as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 5 ; 3 2 6 ; 3 8 8
where L ext is the external cavity length. With Eqs. (9) and (15) , by the approximation method, the intensity of the laser output under the laser feedback effect can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 6 ; 3 2 6 ; 2 9 9
From Eq. (16), I 0 is the laser intensity without the laser feedback effect. Under the laser feedback effect, a cosinoidal modulation is added in the intensity. Every half of the wavelength change in the external cavity length corresponds to one cycle in the intensity modulation. The three-mirror model is especially appropriate for analyzing the intensity modulation in the laser feedback field. Both the LangKobayashi model and the three-mirror model can explain the feedback phenomena in various types of lasers, e.g., gas lasers, semiconductor diode lasers, solid-state lasers, and VCSELs. Therefore, both models are effective tools in the research of laser feedback interferometry.
Laser Feedback Effect with Frequency Shift and Polarization Shift
In the above section, the effect of single-frequency and single-polarization feedback is discussed in the two models. However, to improve the performance of lasers under the laser feedback effect and expand its applications, the feedback effects with different properties are discussed in this section.
Frequency-shifted feedback
In the laser feedback system, frequency shift technology can also be applied to improve the performance of the laser feedback interferometers. When the frequency shift modulator is added inside the external feedback cavity of the laser, the model of the frequency-shifted laser feedback system is shown in Fig. 2 . The frequency of the laser output is ν, and the frequency shift of the modulator is Ω. Since the light reinjected into the laser cavity transmits through the frequency shifter twice, the feedback laser has the frequency of υ þ 2Ω.
Under the effect of the frequency-shifted feedback, Eq. (8) can be rewritten as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 7 ; 6 3 ; 5 4 9
The rate equations under frequency-shifted feedback can be expressed as follows: 29 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 8 ; 6 3 ; 4 7 0 dN dt
With Eqs. (17) and (18) , the relative modulation of the laser intensity is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 1 9 ; 6 3 ; 3 6 1
ΔIð2ΩÞ
I
where ΔIð2ΩÞ is the modulation under the frequency-shifted laser feedback effect, I s is the stable laser output intensity, ϕ s is the fixed additional phase, and Gð2ΩÞ is the gain factor. In some types of lasers, such as solid-state lasers or semiconductor lasers, there exists the relaxation oscillation phenomenon. In these continuous-functioning lasers, the output light is made up of spike pulses instead of smooth pulses. 30 The relaxation oscillation phenomenon is caused by the dynamic interaction between the radiation inside the laser resonant cavity and energy storage in the laser medium. If the relaxation oscillation frequency of the laser is υ R , the gain factor Gð2ΩÞ in the solid-state laser is a function of the oscillation phenomenon frequency υ R , which can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 0 ; 3 2 6 ; 7 3 0 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 1 ; 3 2 6 ; 6 1 6
Since the relaxation oscillation frequency of the laser is relatively large in amount, it can be seen that (21) can be simplified as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 2 ; 3 2 6 ; 5 2 2
Gð2ΩÞ ≅ 2 η ðγ c ∕γÞ:
For the solid-state lasers, this maximum gain factor value can reach to a scale as high as 10 6 , indicating that the solidstate laser frequency-shifted feedback system has ultrahigh sensitivity for the feedback light. Once the proper shift frequency is set, the feedback light can be greatly amplified, which makes the solid-state laser frequency-shifted feedback system extremely appropriate for weak signal detection.
Polarization-shifted feedback
By adding a birefringence component into the laser feedback cavity, the polarization states of the feedback light can be shifted and the laser output intensities in the two orthogonal directions with the phase difference can be modulated. [31] [32] [33] [34] The birefringence components are usually in the form of wave plates or quartz crystals. When the birefringence component is put into the external cavity, the original external cavity forms two different physical external cavities. Supposing the two axes in the laser are x and y, the birefringence axes in the birefringent component are in the same directions. Also suppose the amplitude reflection coefficients of both laser cavity mirrors are r 1 and r 2 ; the transmission coefficient of the laser is T ¼ 1 − r 2 2 ; r 3 is the reflection coefficient of the feedback mirror; l is the length of the external cavity; and in the corresponding axes, the external cavity lengths are l o and l e , d is the length of laser cavity, n is the refractive index of the laser material, and ξ is the feedback coefficient. Then, the gain of the laser in the x and y axes is as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 3 ; 3 2 6 ; 1 6 6 
where β ¼ Tr 3 ξ∕r 2 and φ ¼ 4πυl o ∕c, δ is the phase difference of the birefringence component. Under the effect of the polarization-shifted feedback, the laser intensities in two orthogonal axes can be expressed as Fig. 2 The model of the frequency-shifted laser feedback system. ν, the frequency of the laser output; Ω, the frequency shift of the modulator.
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where I 0 is the initial intensity without feedback and K is the constant. From Eq. (24), the intensities have a phase difference that is twice the phase difference of the birefringence component. As a result, the polarization-shifted feedback effect can be utilized to measure the birefringence, optic axis azimuth, 35 or displacement. 36 The above models and analyses give theoretical explanations of the corresponding relationship between the external feedback cavity and the variations in the parameters inside the laser cavity. By applying this correspondence relationship, various kinds of applications can be fulfilled with laser feedback interferometry. Below are some typical applications of the laser feedback effect. In order to simplify the interferometer structure and reduce the cost, the laser sources in these self-mixing laser interferometers are mostly commercial semiconductor lasers with photodetectors sealed inside. In some special occasions, the lasers are solid-state lasers, gas lasers, or other lasers. In fields needing precision measurement, the stability of the laser frequency is required, since the cycles of the laser feedback signals are directly traced back to the laser wavelength. Instabilities in laser power and frequency will bring errors in the measurement results. Therefore, the laser stability and robustness are required for laser feedback interferometers.
Laser Feedback Technology Applications in
Metrology Metrology is the science of measurement, embracing both experimental and theoretical determinations at any level of uncertainty in any field of science and technology. As the basic research in the measurement field, precise measurement is significant and can be applied in a large variety of fields. On the basis of the theoretical analyses above, six typical aspects of laser feedback effect applications in metrology are described in the following sections.
Displacement Measurement
In the fields of metrology, the precise measurement of displacement has always been a research focus. Since the displacement measurement is widely applied in various industrial situations and scientific research, noncontact measurements are in strong demand. Compared with traditional laser interferometers, the laser feedback interferometer has great potential because it does not need a retroreflector and can be applied to a nonmatching target with a diffuse or rough surface. In the above analyses of laser feedback theory, according to Eq. (16), every change of half the wavelength in the length of the external cavity corresponds to a cycle in the laser intensity modulation. The congruent relationship makes it easy to measure displacement by counting the total cycles of modulation.
With the rapid development of displacement measurement based on laser feedback technology, various methods emerge, such as fringe counting technology with its simple structure and high sensitivity. 37 The method makes use of fringe counting technology since half of the wavelength distance change in the external cavity corresponds to a cycle of intensity modulation in the laser feedback effect. The directions of dips in the sawtooth-shaped feedback waveforms indicate the direction of the displacement. The method is capable of measuring displacement in half of the wavelength scale on a substantial distance up to 1 m without any optical adjustment aside from the initial pointing on the target.
A research focus of laser feedback technology applied in the displacement measurement field is the heterodyne microchip solid-state laser employing external frequency-shifted feedback. 38, 39 As mentioned above, the relaxation oscillation phenomenon in solid-state lasers causes a highly sensitive response as large as 10 6 to the frequency-shifted laser feedback. The schematic diagram is shown in Fig. 3 .
As shown in Fig. 3 , the microchip laser is a laser diode pumped Nd:YAG or Nd∶YVO 4 laser and is frequency stabilized by precise control of the temperature. 40 The feedback levels are studied and ensured for the performance of the interferometers. The acousto-optic modulators are used to produce the shift in the frequency of the laser reinjected back into the laser cavity. Since the working frequency of the acousto-optic modulator is usually high, two acoustooptic modulators are employed, and the frequency difference between them is used as the feedback frequency shift. Suppose the working frequency of the AOM 1 and AOM 2 is Ω 1 and Ω 2 , respectively, Ω is the difference between Ω 1 and Ω 2 . The schematic diagram of the optical path is shown in Fig. 4 .
Due to the frequency shift characteristics of the acoustooptic modulators, the laser reflected by the target can obtain a frequency shift of 2Ω in the measurement signal, while the laser reflected by the reference mirror can obtain a frequency shift of Ω acting as the reference signal. The analyses are as follows: The optical path of the reference beam is shown in hollow arrows while the measurement beam is in solid arrows. If the frequency of the initial light emitted is υ, the reference beam passes the acousto-optic modulators AOM 1 and AOM 2 without diffraction, which means the frequency remains υ. The measurement beam passes through AOM 1 and is diffracted at −1 order, which means the frequency is υ − Ω 1 ; then it passes through AOM 2 and is diffracted at þ1 order such that the frequency now is
The reference beam is focused by lens L and reflected back to the acousto-optic modulators, and then it is diffracted at þ1 order in AOM 2 and at −1 order in AOM 1 , while the measurement beam is reflected at the target surface and is diffracted again at þ1 order in AOM 2 and at −1 order in AOM 1 . As a result, the feedback reference beam has the frequency of υ − Ω 1 þ Ω 2 ¼ υ þ Ω, whereas the feedback measurement beam has the frequency of
The displacement information in both the measurement signal and reference signal is demodulated, and the displacement detected in the reference signal is used for compensation. Therefore, the frequency-shifted laser feedback interferometer can achieve high resolution and accurate displacement measurement with little zero drift. The resolution of the frequency-shifted laser feedback interferometer is 1 nm by phase discrimination method, and the zero drift within 3 min is less than 8 nm. 39 The performance of the laser feedback frequency shift interferometer is calibrated, compared with the commercial dual-frequency laser interferometer Agilent 5529A. The correlation coefficient of the linear fit differs from 1 by 6 × 10
, and the residual error is <1.5 μm.
The method has relatively high resolution and sensitivity due to the frequency-shifted feedback characteristics in solid-state lasers, as analyzed in Sec. 2. Therefore, the frequency-shifted laser feedback increases the sensitivity in the laser feedback interferometer, making it especially appropriate for measuring objects with rough and black surfaces or irregular shapes. The sensitivity is improved at the cost of a more complicated structure and increased expense. However, the measurement range is limited to about 1 m since the measurement process needs a proper feedback level, 39 and the method for determining the direction of displacement is difficult and complex to realize. Due to the fact that the common part of the measuring optical path and the referring optical path is limited, with the increasing measurement range, the accuracy will be affected. Another method is a laser feedback interferometer based on the phase difference of orthogonally polarized lights in the external birefringence cavity. 41, 42 The method determines the direction of the displacement easily by the sequences of two orthogonally polarized lights. The measuring range is large, and the measurement is not limited by the feedback level. The schematic diagram is shown in Fig. 5 . The laser applied is a laser diode pumped Nd∶YVO 4 laser.
The theory of this method is as follows: when linearly polarized light passes through the birefringent external cavity and then is reflected back into the laser resonator by an external object, a phase difference is generated between the laser sinusoidal modulated intensities in the two orthogonal directions. The birefringence in the external cavity is produced by the wave plate, the phase retardation of which is 45 deg.
A phase difference of 90 deg is induced between the two orthogonally polarized components. By applying fringe counting technology and fourfold subdivision, displacement can be easily calculated with high precision. The linearity of this system is 2.57 × 10 −5 over a 7-mm range, and the standard deviation is 0.34 μm. The resolution is 53.2 nm and can be further improved by applying multifold subdivision methods adopted in the grating encoders.
In addition to the three methods mentioned above, there also exist various other methods for displacement measurement applying laser feedback technology. Guo et al. 43 reported a method based on the laser feedback grating interferometer, which applies a double-diffraction system. The operating frequency is 100 MHz, and the error is <2.9 nm. Bernal et al. 44 proposed a robust fringe detection method based on biwavelet transform. Wavelet transform is applied, and it enables the measurement of arbitrarily shaped displacements based on the pattern recognition capability. Donati et al. 45 reported a method for simultaneous measurement of displacement and tilt and yaw angles of the target, taking advantage of two orthogonal modulations of the beam. Zeng et al. 46 proposed laser feedback interferometer based on high-density cosine-like intensity fringes with phase quasi quadrature; the system has a resolution of 0.51 nm in 850 μm and the displacement measurement accuracy was 5 nm. 47 Jha et al. 48 presented a method making efficient use of direct laser injection current modulation to induce continuous wave frequency modulation and nonlinear dynamics effects in a laser diode subjected to optical feedback to measure nanometric amplitude displacements. The error is 2.4 nm. Chen et al. 49 proposed synthetic-wavelength self-mixing interferometry for displacement measurement. The virtual synthetic wavelength is 10 6 times larger than the operating wavelength, so the subnanometer displacement can be obtained.
Vibration Measurement
When the displacement to be measured is less than half the wavelength in the amplitude with a relatively high frequency range, the fringe counting method is not appropriate and not accurate enough. In the case of vibration, the amplitude is relatively small and the frequency is high, which requires different techniques from displacement measurement. Signal processing proposed by Tao et al. 50 synthesizing wavelet transform and Hilbert transform is employed to measure uniform or nonuniform vibrations in the laser feedback interferometer based on a semiconductor laser diode with quantum well. Background noise and fringe inclination are solved by the decomposing effect, fringe counting is adopted to automatically determine the decomposing level, and a couple of exact quadrature signals are produced by Hilbert transform to extract vibration. The continuous wavelet transform is applied to weaken the inclination of the fringe. From the results, it can be seen that the reconstructed phase curve is in high accordance with the assumptive phase curve, indicating that this method has excellent performance in vibration measurement. This method has the following advantages. First, the frequency or phase modulation is deleted from the system, so the bandwidth limitation from modulation is removed; the size and cost both decrease sharply. Second, the feedback level is not limited, making it more applicable in general environments. Third, the high computational efficiency provides potential in real-time monitoring, and noise is greatly restrained.
When self-mixing interferometry occurs in an asymmetrical cavity, the light and the vibration target are not strictly vertical. The light will experience multiple reflections between the vibration target and the laser. In such cases, the number of interference fringes doubles or even increases by three or four times. This phenomenon is called multiple self-mixing interferometry. 51 Jiang et al. 52 proposed a demodulation algorithm based on the power spectral analysis for multiple self-mixing interferometry. Its precision can reach as high as λ∕47.6, and the absolute error of amplitude is ∼0.075 μm. Magnani et al. 53 presented a method on diode lasers including an electronic feedback loop for increasing the measurement resolution. This system is able to measure vibrations up to 110 mm peak-to-peak at a distance of 1 m, with bandwidth between 5 Hz and 15 kHz and resolution of about 60 nm. Wu et al. 54 constructed a single-channel laser feedback interferometer that measures the magnitude of the vibration and the angle of the position at the same time. The curve of the peak frequency versus the vibration amplitude follows the linear distribution, whereas the curve of the difference between the peak power versus the angle follows a Gaussian distribution. Lukashkin et al. 55 measured basilar membrane vibrations by laser feedback interferometer without opening the cochlea. Giuliani et al. 56 demonstrated a laser vibrometer based on the self-mixing interferometric effect in a laser diode. The system has features such as better than 100 pm Hz −1∕2 noise equivalent vibration, 180 μm peak-to-peak maximum measurable vibration, larger than 100-dB dynamic range, 70-kHz bandwidth, and successful operation on most rough surfaces. Huang et al. 57 proposed a vibration system extreme points model based on the laser feedback effect; the piezoelectric coefficient of a piezoelectric transducer in which d 33 is 0.66034 nm∕V was obtained. Chen et al. 58 investigated a simple damping microvibration measuring method that can accurately obtain the damping factor. The damping factor is solved by recording the period and counting the fringe number of the self-mixing signal. The damping factor of 0.0483 s −1 with a standard deviation of 0.0013 and the coefficient of variation of 2.69% were experimentally achieved.
Distance Measurement
Distance measurement with optical methods is widely used. However, the traditional methods have a distance measurement range limited by the power of the laser, and the accuracy is hard to ensure. Due to the high sensitivity in laser feedback interferometry and its simplicity in structure, which causes less loss to laser power, laser feedback interferometry is applied in the field of distance measurement. Shinohara et al. 59 put forward the method of distance measurement using a self-mixing laser diode. The interferometer measures the averaged mode hop time interval of successive external mode hops by the backscattered light from a target. The interferometer has precision of AE15% in the wide range of 0.2 to 1 m. Since then, the laser feedback effect in diode lasers has been widely utilized for distance measurement.
Laser feedback interferometers based on laser diodes have a feature that a small variation in the laser driving current will produce an approximately linear variation in the laser operating frequency. 60 By utilizing this feature, a periodic modulation in the driving current will lead to frequency sweeping in the output of laser diodes. With the method of injected current reshaping in a laser self-mixing interferometer based on VCSEL proposed by Kou et al., 61 a precise distance measurement can be achieved. A decrease in wavelength has a similar effect as a scattering object moving away from the laser source, whereas an increase in wavelength mimics an object moving toward the source. A sawtooth-shaped tuning current is utilized to drive the VCSEL to demonstrate the change of the beat frequency. The relationship between the laser wavelength and the frequency versus the injected current is researched. Each value of the divided frequency is used to deduce backward to the corresponding injected current, which eliminates the nonlinearity. Therefore, the injected current is reshaped. The reshaped injected current technique is effective for reducing the nonlinearity in current tuning, and the resolution of the distance measurement is improved to be 20 μm in the range from 2.4 to 20.4 cm.
Moench et al., 62 Michalzik, 63 and Gouaux et al. 64 also applied the VCSEL laser feedback interferometer based on the modulation of the working current. Guo et al. 65 proposed a method based on a double-modulation technique on a laser diode for absolute distance measurement. The intensity of the laser and the amplitude of phase are both modulated to raise the resolution. The absolute distance has been measured with a resolution of AE0.3 mm over the range of 277 to 477 mm.
Velocity Measurement
Velocity measurement is another important field in metrology. Velocity is usually measured by the laser Doppler velocimeter employing the Doppler effect. Since 1968, when Rudd 66 applied the laser feedback effect in velocity measurement, laser feedback velocimeters have been the research foci. 67, 68 The signal curve of the velocimeter is in sawtooth shape and the discrimination of the movement directions is researched. 69, 70 In the laser feedback field, the laser feedback Doppler velocimeter is a type of compact and high costeffective Doppler velocimeter with high precision.
One of the most attractive velocimeters uses the three perpendicular beams fiber irradiation scheme. Initially, Mikami and Fujikawa 71 proposed a two-beam irradiation scheme. In the two-beam irradiation structure, the two beams are irradiated at one spot on the target. The offset angle between the two beams is set to be Δθ. In this configuration, the interference takes place and the Doppler shift frequencies can be obtained by the spectrum analyzer. Then, the velocity of the target V can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 5 ; 6 3 ; 6 8 6 V ¼
It can be seen that the velocity of the target can be obtained only with prior knowledge of the offset Δθ. However, the two-beam scheme demands that the velocity vector of the target is on the same plane with two irradiation beams. To solve the issue in the two-beam velocimeter, the three-beam scheme is proposed. The beam from a laser diode having a single longitudinal mode is divided into three beams by the fiber couplers. The three irradiation beams of the sensor head are set perpendicular to one another. Therefore, each beam direction is considered the axis of the orthogonal coordinate system. The configuration and experimental setup are shown in Fig. 6 . By this method, the measurement of arbitrary velocity can be fulfilled.
Scalise et al. 72 developed a new model and a suitable processing algorithm for the analysis of the signal in the case of relevant speckle effects. Bosch et al. 73 employed multimode VCSELs for velocity measurements, which can be of great interest due to its low price, high stability, and low threshold. In the applications of the laser feedback velocimeters, the scattering of the laser emission from a rough surface will lead to a speckle effect that models the Doppler signal, causing broadening of the signal spectrum and adding uncertainty to the velocity measurement. To eliminate this uncertainty induced by the speckle effect, various research has been done and different methods, such as analytic equation prediction 74 and fractal analysis with box-counting, 75 are employed. Huang et al. 76 studied the results of the speckle self-mixing velocimeter concerning the angles of incidence. The relative error drops dramatically with the incident angle increasing from 5 to 30 deg. Özdemir et al. 77 proposed the autocorrelation data processing method for speckle selfmixing velocimeter; effects of various parameters have been analyzed and the system has been optimized with fewer measurement errors. The linear relation between the reciprocal of the autocorrelation time of the speckle signal obtained and the velocity of the target has been analyzed. 78 By employing another laser diode, simultaneous measurement of velocity and length of moving targets with homogeneous rough plane surfaces can be realized. 79 Shinohara et al. 80 have also applied the speckle effect of the self-mixing interferometer for surface classification, making the method inexpensive and highly sensitive. In addition to the measurement of the velocities in solid targets, the velocity of flowing liquid can also be measured by applying a laser diode self-mixing technique. 81 Compared with the traditional method using microparticle imaging velocimetry, which has disadvantages such as being complex, time-consuming, and bulky, laser feedback interferometry has a simpler structure and faster response in flow measurement. Fluid velocity measurements of water seeded with titanium dioxide have been performed using a diode to measure the effect of the seeding particle concentration and the pump speed of the flow. The laser light was focused at the center of the fluid discharging from the nozzle. The measured velocity linearly increases with the pump speed as expected. The system has demonstrated accuracy better than 10% for liquid flow velocities up to 1.5 m∕s with a concentration of scattering particles in the range of 0.8% to 0.03%. By using different types of seeders, higher velocity measurement can be realized. Campagnolo et al. 82 reported the work of flow profile measurement in microchannels applying a VCSEL laser feedback interferometer. In this work, the measurement of local velocity in fluids with spatial resolution in the micrometer range is achieved by minimizing the laser spot size with the diameter being 32.26 μm. Ramírez-Miquet et al. 83 utilized a blue-violet laser diode with a wavelength of 405 nm, which is capable of measuring very slow velocities. The system is found to be a good representation of the liquid-liquid two-phase system's hydrodynamics.
With the growing need for accurate diagnosis and disease prevention in biology and the medical fields, precise measurement of blood flow in vessels and tissues is attracting greater research attention. The invasive measurement of skin, capillary, or cutaneous blood flow is considered to be significant and can be used for the assessment of vasopasm, ischemia, wound and ulcer healing, skin diseases, therapeutic trials, and various pathological conditions. 84 A very active research focus in this field is laser feedback interferometry. Since de Mul et al., 85 Slot et al., 86 and Mito et al. 87 first utilized the self-mixing Doppler phenomenon for blood flow measurements, multiple studies have been done on this subject. Shinohara et al. 88, 89 utilized the self-mixing speckle signal of backscattered light from the red blood cells and the speckle autocorrelation method to realize blood flow measurement. The experimental setup is shown in Fig. 7 . The system has the capability of measuring blood flow at speeds from 30 to 125 mm∕s. Norgia et al. 90 applied the fast Fourier transformation method and logarithm-weighted mean to optimize the linearity of the system. The accuracy was better than 0.1 L∕ min in the large range of 0 to 6 L∕ min of clinical interest. Figueiras et al. 91 applied the laser self-mixing velocimeter as a microprobe for monitoring microvascular perfusion in rat brain. The mean detection depth was 0.15 mm, and the size of the probe was as small as 785 nm. The authors also introduced three signal processing methods, including the counting method, autocorrelation method and power spectrum method, which supplied efficient methods for data processing.
In addition, Zhao et al. 92 presented a method of velocity measurement using a self-mixing velocimeter with an orthogonal beam incident system, which enables velocity measurement without knowing the incident angle information. The fiber ring laser acts as a stable and narrow-width laser light source, which could enhance the stability and the signal-to-noise ratio of the self-mixing fiber ring laser velocimeter. The relative error rates of this velocimeter system are up to 1.258%.
Angle Measurement
The noncontact precise measurement of angles is strongly needed in industrial and research situations. The traditional methods, such as autocollimator or laser interferometers, usually need a reflective mirror, which limits the application. Since the laser feedback effect has high sensitivity, it can be applied in adjusting the remote mirror or angle measurement. 93 One solution to precise angle measurement proposed by Zhang et al. 94 is the parallel multiplex laser feedback interferometer. The system setup is similar to Fig. 3 ; however, the laser in the parallel multiplex laser feedback interferometer is produced by two parallel laser diodes pumping one microchip. The system also applies frequency-shifted feedback interferometry. From the configuration, it can be seen that the laser emits two parallel beams at different positions on the same target. The displacements of these positions are measured at the same time. Therefore, the displacement difference reflects the angle variation of the target. This scheme does not generate any signal crosstalk for several reasons. First, only when the laser beams go back exactly along the same path injecting to the target can the frequency of the beam be shifted by 2Ω and demodulated by the heterodyne phase measurement, which effectively restrains the external noise. Second, although the two beams are generated in the same microchip, the frequencies of the beams are different from each other. Thus, there is no cross interference. The beat frequency of the two beams can be filtered. Third, the two optical paths are very close, so the displacement difference, which is the subtraction of the two measured displacements, can eliminate the environmental disturbance and thus accurately reflect the angle variation. The measurement results are compared with the laser interferometer Agilent 5529A. The parallel multiplex laser feedback interferometer exhibits good stability with the maximum nonlinear error of 8′′ in the range of 1400′′.
Another method for angle measurement is applying the external-cavity birefringence feedback effects of a microchip laser proposed by Ren et al. 95 The wave plate inside the external feedback cavity has the role of producing the external-cavity birefringence feedback. The cross-section of the refractive index ellipsoid of the wave plate is an ellipse. It can be seen that, based on the external birefringence feedback, the information of the roll angle in the birefringence element placed inside the external cavity can be transferred into the phase difference between the two orthogonally polarized beams. Giuliani et al. 96 proposed a technique to measure the angle of a remote flat surface with respect to the propagation direction of the laser beam, based on injection detection in a laser diode. The technique enables the measurement of angles with a sensitivity of 5 × 10 −7 rad. Zhong et al. 97 presented a signal defining method that places the refractive mirror on the surface of the object for measuring a small angle. The rotation angles are measured with an accuracy of 10 −6 rad. The angle measurement range is approximately −0.0007 to þ0.0007 rad. As mentioned above in Ref. 53 , the simultaneous measurement of vibration and the angle of the position of the target relative to the incident beam can be realized. The rotation angle over a range of 0.075 deg can be measured, with the error <11.7%. Tan and Zhang 98 also proposed a system including two orthogonally linearly polarized modes produced by a tunable frequency difference that exists in microchip lasers with two quarter-wave plates in the laser inner cavity. The frequency difference relates to the orientation of one quarter-wave plate. The sensitivity can be as high as 0.3 arc sec, which is 1.6 × 10 −6 rad.
Thickness Measurement
Precise measurement of the thickness of optical elements plays a significant role in optical industrial applications. However, there is a lack of effective testing methods other than contacting methods, which have low accuracy and cause damage to the optical elements. The laser feedback effect has been applied in thickness measurement by Fathi and Donati 99 Considering the high sensitivity of frequency shift feedback, the frequency-shifted laser feedback interferometer has been used for thickness measurement. 100 The configuration is shown in Fig. 8 .
By rotating the sample inserted into the external feedback cavity, the optical path difference induced can be measured by the laser feedback interferometer. The optical path change in the rotating sample can be derived as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 6 ; 6 3 ; 4 6 9 ΔL ¼ ðΔφ m − Δφ r Þ λ 2π
where ΔL denotes the optical path change induced by the rotation of the sample, λ is the laser wavelength, d is the thickness of the sample, n is the refractive index of the sample, n 0 is the refractive index of the air, and θ 1 and θ 2 are the angles between the laser beam and the normal direction of the sample surface before and after the rotation. By measuring θ 2 and ΔL at multiple angles, the overdetermined equation can be solved and the thickness of the sample can be obtained together with the refractive index. Through the experiments, the measurement uncertainty of the thickness is better than 0.0006 mm. However, in measuring the thickness, this method requires the sample to be flat and parallel. The parallelism is better than 2″ in the reference. Due to the fact that the sample needs to be rotated, if the sample is not parallel or flat, after the rotation, the thickness d in Eq. (26) is hard to maintain, which causes a large error in measurement. Also, the measurement procedure needs to be combined with the rotation of the sample at high precision angles. Another method proposed by Tan et al. 101, 102 combining the confocal effect and frequency shift feedback, which is noncontact, nondestruction, and highly sensitive, can be applied in measurement not only of the thickness but also between the air gap. The schematic setup of the system is shown in Fig. 9 .
The laser is separated into two beams by the beam splitter. The measuring light selected is expanded and collimated via the beam expander. The annular pupil is inserted into the path before the objective lens to create the annual beam. There exists a conjugation relationship between the focus point of the objective lens and the laser beam waist. The light intensity modulation under the confocal effect is expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 7 ; 3 2 6 ; 5 9 5
; (27) where z is the defocus distance, α is the numerical aperture angle of the object lens, and ε is the ratio of the inner and outer diameters caused by the annular pupil. The intensity modulation in the frequency-shifted confocal feedback can be derived as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 8 ; 3 2 6 ; 5 0 3 The lens thickness and the air gap between the lenses are measured in the experiments. The system has an uncertainty of axial positioning better than 0.0005 mm, and the accuracy is on the order of microns. The system has the potential to be implemented for the measurement of lenses coated with multilayer films.
Above are six typical aspects of applications of laser feedback interferometry in the fields of metrology; although there exist many other applications in metrology, the most common methods are explained in detail and provide an introduction for the metrological application.
Laser Feedback Technology Applications in
Laser Parameters Measurement It has been known that laser feedback interferometers have the capability to detect changes in the external feedback cavity and information in the target. However, it can be seen during research on the laser feedback effect that the laser feedback waveforms are closely related to the parameters of the lasers. Therefore, the measurement of laser parameters by the laser feedback effect is studied deeply. The laser linewidth, linewidth enhancement factor, and laser polarization cross-saturation coefficient of semiconductor and solid-state lasers are important parameters in laser technology. Precise measurements of these parameters provide significant guidance in laser application fields.
Laser Linewidth Measurement
In the laser feedback field, the laser feedback signal waveforms in the laser diodes are related to the physical parameters of the laser sources. The linewidth can be evaluated from the phase noise in the feedback waveforms. The sawtooth shape of self-mixing interferometry is the key point for the accurate measurement of the phase noise, which can be applied for linewidth measurement. 103 The method has advantages such as simplicity, self-alignment, and no need for frequency measurement. When the feedback level is set at a certain value, the laser feedback waveform can be modulated in a sawtooth shape when the measured target has movement driven by a sinusoidal wave.
When the light is reinjected into the laser cavity, phase noise will be generated by the fluctuation of the laser frequency and by the target distance fluctuation. Suppose the frequency of the laser diode is ν ¼ ν 0 þ Δν, where Δν is the fluctuation of the frequency, and the distance of the target is D ¼ D 0 þ ΔD þ DðtÞ, where DðtÞ is the sinusoidal displacement and ΔD is the fluctuation of the distance. Then, the phase noise can be derived as follows: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 2 9 ; 6 3 ; 3 2 9 ffiffiffiffiffiffiffiffiffiffiffiffi ffi
When the phase noise is measured as a function of the target distance, with the condition that ν 2 o hΔD 2 i ≪ D 2 o hΔν 2 i, a linear dependence of the phase noise can be set as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 0 ; 6 3 ; 2 5 4 ffiffiffiffiffiffiffiffiffiffiffiffi ffi
From the slope in the linear function, the linewidth of the laser diode can be easily determined by the method of laser feedback effect.
Linewidth Enhancement Factor Measurement
The linewidth enhancement factor α is a fundamental parameter in semiconductor lasers. 104 Semiconductor lasers exhibit a strong variation of refractive index and gain when the injected carrier density is changed. It is a comprehensive parameter of the laser linewidth, the chirp, the injection lock range, and the response of the laser feedback. 105 The linewidth enhancement factor determines the dynamics of semiconductor lasers since it accounts for the coupling between amplitudes and phases of the laser. The linewidth enhancement factor α can be expressed as 106 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 1 ; 3 2 6 ; 4 8 3
where x 0 and x 0 0 are the real and imaginary parts of the susceptibility of the laser active medium, N is the carrier density, η is the refractive index, and g is the optical gain. As a result, the linewidth enhancement factor α is responsible for the linewidth enhancement and affects the modulation response, frequency chirping, injection locking ranges, and stability of lasers with external optical feedback. Therefore, precise measurement of the linewidth enhancement factor α is of great significance in the fields of semiconductor lasers and self-mixing interferometers based on semiconductor lasers. One of the techniques to estimate the linewidth enhancement factor α is the genetic algorithm approach proposed by Wei et al. 107 With the Lang-Kobayashi model, the gain of the laser under the feedback effect can be seen as the function of the laser phase, the backreflected laser phase, and the laser linewidth enhancement factor. Suppose the target is having a simple vibration LðtÞ ¼ L 0 þ ΔL cosð2πft þ θ 0 Þ, then the value of the feedback signal can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 2 ; 3 2 6 ; 2 4 1
where φ 0 and Δφ are the phases of the backreflected light, ϕ F is the laser phase under the feedback effect, and C is the feedback level. The unknown four parameters are φ 0 , Δφ, C, and α. The minimization of the cost function can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 3 ; 3 2 6 ; 1 4 1
where G i is the measured signal value and c G i is the theoretical calculated value. By the genetic algorithm approach, the parameter of semiconductor lasers can be determined. von Staden et al. 108 reported the method for linewidth enhancement factor measurement in QCLs. The method applies the time interval detected in the feedback signal curve. Yu et al. 109 proposed the automatic method using the self-mixing signal under weak optical feedback. The method does not need to foreknow the exact movement of the target, and it has robustness and noise immunization, with a standard deviation <4.58%.
In addition, Szwaj et al. 110 proposed the method based on variations of the laser relaxation frequency when the laser is subjected to an optical feedback. This method consists of measuring the phase shift between the variation of the relaxation frequency and the variation of the output intensity when the laser is subjected to a modulated round-trip time feedback. In the case of large feedback, the effect of α is directly observable on the laser average intensity.
The linewidth enhancement factor α can characterize the response of lasers to external feedback; as a result, the precise measurement of α is crucial in determining the performance of lasers under the laser feedback effect.
Laser Polarization Cross Saturation Coefficient Measurement
In the research of orthogonally polarized light feedback, unlike the single polarization feedback, the initial gain of the laser can be divided into two parts corresponding to the intrinsic orthogonal polarization direction of the laser. These two parts of the gain can be connected by the crosssaturation coefficient β and the rate equations of orthogonally polarized lights. 111 The rate equations are divided as the vertical polarization eigenstate system ðN ⊥ ; I ⊥ Þ and the parallel polarization eigenstate system ðN k ; I k Þ. The rate equations coupled by the two orthogonal polarizations in the laser can be expressed as 112 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 4 ; 6 3 ; 3 6 2
where N is the population inversion, I is the laser intensity, γ 1 is the inversion particle population decay rate, γ c is the photon population decay rate, w is the normalized pumping parameter, and β is the cross saturation coefficient describing how each laser field is coupled with the population inversion of the other laser subsystem. Suppose the angular frequency of the two orthogonally polarized lights is ϕ i , κ is the effective reflectivity. Make κ k ¼ 0, under the condition of weak feedback, the laser intensities can be derived as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 5 ; 6 3 ; 1 6 7 
The variation in the sum and difference of the intensities of the polarization states can be derived as follows: E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 6 ; 3 2 6 ; 7 5 2
Then, the cross-saturation coefficient β can be derived as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 7 ; 3 2 6 ; 6 8 9
The method has advantages such as convenience and no demand for the pumping level, which can be carried out easily.
Using the laser feedback effect for laser parameters measurement has advantages such as simple alignment and high precision. The results are in good coincidence with the theoretical analyses. The above techniques provide reliable choices for laser parameters measurement in both semiconductor lasers and solid-state lasers with fewer optical components and fewer devices.
Laser Feedback Technology Applications in
Physical Quantities Measurement A physical quantity (or physical magnitude) is a physical property of a phenomenon, body, or substance that can be quantified by measurement. Although the physical quantities cannot be measured directly, they can be calculated by employing the measurement in metrology. The physical quantities such as refractive index, birefringence, evaporation rate of the liquid, and thermal expansion index are important parameters in the fields of materials. Imaging of acoustic fields distribution is of importance for acoustic detection. By applying laser feedback interferometry, the measurements of the physical quantities are shown as follows.
Refractive Index Measurement
In optics, the refractive index or index of refraction n of a material is a dimensionless number that describes how light propagates through that medium. The refractive index is a very important property of the components of any optical instrument that involves refraction. It determines the focusing power of lenses, the dispersive power of prisms, and, generally, the path of light through the system. As mentioned above in Sec. 3.6, the method of rotating a transparent parallel sample in the laser frequency shift feedback system can be applied in the simultaneous measurement of thickness and refractive index. The refractive indices of three different kinds of materials-including calcium fluoride (CaF 2 ), fused silica, and zinc selenide (ZnSe)-are measured in the system. 113 The refractive indices cover a large range from 1.42874 to 2.48272. The experiment shows that the measurement uncertainty of the refractive index is better than 0.00003. The method has advantages such as high precision, wide measuring range, easy data processing, and environmental robustness.
The refractive indices of solid samples can be easily obtained by the above method. However, when it comes to the refractive indices of liquids, since the sample cannot be rotated, the method has to be adjusted. Utilizing the high sensitivity of the frequency shift feedback effect, a double-beam laser frequency shift feedback interferometer is proposed for measuring the refractive indices of liquids by Xu et al. 114 When the liquid level increases Δh, the changes of the external cavity lengths in the two beams are as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 8 ; 6 3 ; 7 0 8
where n o is the air refractive index and n is the liquid refractive index to be measured, which can be expressed as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 3 9 ; 6 3 ;
The calculation of the refractive index depends entirely on the changes of the external cavity length as well as the air refractive index and is not related to the parameters of the container. The particle deviations of Eq. (39) are as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 0 ; 6 3 ; 5 4 2
Since the resolution of the laser frequency shift feedback interferometer is 1 nm, considering the environmental disturbance, the effective resolution of the refractive index can reach 10 −6 . The refractive indices of the distilled water, ethanol, cyclohexane, silicone oil, and engine oil are measured. Through experiments and theoretical analysis, the system has high repeatability, which is better than 0.00005.
Birefringence Measurement
Birefringence is the optical property of a material having a refractive index that depends on the polarization and propagation direction of light. As a significant parameter in the optical system, birefringence has a great impact on the optical properties and performances. On one hand, birefringent elements, such as wave plates and quartz crystals, have functions such as modulating the phase properties in the optical systems; on the other hand, the unexpected birefringence such as the inhomogeneous stress-induced birefringence will bring harmful effects upon systems demanding the polarization-preserving property. As a result, the precise measurement of birefringence is of great significance.
The polarization dynamics of a laser subjected to weak optical feedback from the birefringence external cavity are studied theoretically and experimentally by Fei et al. 115 It is found that polarization flipping with hysteresis is induced by birefringence feedback, and the intensities of two eigenstates are both modulated by the external cavity length. The variations of hysteresis loop and duty ratios of two eigenstates in one period of intensity modulation are related to the phase differences of the birefringence element in the external cavity. The relationship between the polarization flipping and the birefringence in the external cavity is studied by Chen et al. 116 The experimental setup is shown in Fig. 11 . A piezoelectric transducer (PZT) is controlled by a periodical triangular-wave voltage and drives M E to do the reciprocating movement in order to modulate the length of the external cavity. As analyzed in the three-mirror model, the intensity of the laser is proportional to the equivalent reflectivity; when the length of the external cavity is changed by the reciprocating movement of the feedback mirror, the intensity of the laser is modulated cosinoidally, as shown in Fig. 12(a) . When the birefringence element is inserted into the laser external feedback cavity, suppose the phase shift caused by the birefringence is δ. Then, the equivalent reflectivity of the two polarizations in the laser feedback system can be expressed as follows: 117 E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 1 ; 3 2 6 ; 3 3 0 Since there are two polarization states, when the periodical triangular-wave voltage drives the movement of PZT and M E , the length of the external cavity and the equivalent reflectivity of the two polarizations are tuned. Mode competition between the two polarizations will occur. The different modes correspond to two different equivalent reflectivities. When one equivalent reflectivity is higher, the cavity loss is less. Consequently, the corresponding mode will have superiority in mode competition. The polarization state of the beam is induced by the result of mode competition. As a result, there will be a mutation in laser intensity and a flipping in the polarization state of the beam.
In the increasing region of PZT driving voltage, the polarization flipping point in the laser intensity curve is A and its corresponding isocandela point is A 1 . The tuning period is from C to C 1 . The same goes to the decreasing region with B, B 1 , D, and D 1 . According to Eq. (41), the phase shift δ can be deduced as follows:
E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 2 ; 6 3 ; 5 5 4 δ ¼
The system has advantages, such as high precision and robustness to environmental disturbance, which can fulfill online measurement of the birefringence. The measurement accuracy of the birefringence is <0.22 deg.
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In the manufacturing process of the optical elements, the inhomogenity of temperature or the external disturbance will cause internal stress in elements. The stress-induced birefringence inside the optical elements such as lenses and mirrors will cause damage to the phase prosperity of the optical system, and stress in glasses, particularly in specific situations such as in aircraft, may cause accidents due to cracking. Therefore, precise measurement of this stress offers great benefits and significant guidance to optical systems and industrial applications. The optical path difference Δl o in the center of the optical element is E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 3 ; 6 3 ;
where λ is the wavelength of the laser, D is the diameter of the optical element, f 0 is the material fringe value, and F is the value of the stress. The stress of the optical elements is linearly related to the birefringence. As a result, the internal stress can be measured precisely as well. 119 
Thermal Expansion Coefficient Measurement
The thermal expansion coefficient describes how the size of an object changes with a change in temperature. The thermal expansion coefficient is one of the most fundamental quantities of materials, which is intrinsically related to other thermophysical properties. Accurate measurement of the thermal expansion coefficient is of significance in basic scientific research and industrial applications. However, in previous methods, noncontact methods demand a specific range of measurable materials and a limited working temperature range while the measurement process suffers environmental disturbances. The whole measuring beam path belongs to the dead path, making it difficult to increase accuracy and repeatability. A method based on the microchip frequency shift feedback interferometer with compensation by the quasi common path structure is proposed by Zheng et al. 120 The influence of distortion in the sample supporter is compensated by the symmetric structures, where the measurement beams of two symmetric laser feedback interferometers inject perpendicularly and coaxially on opposite surfaces of the sample. The schematic diagram of the measuring system is shown in Fig. 13 . The positions of the two systems are adjusted to make the beams cross the furnace, and in particular, the two measurement beams are adjusted to ensure that they are in a single line so the Abbe error can be reduced as much as possible. The measurement repeatability of thermal expansion coefficients is better than 0.6 × 10 −6 ðK −1 Þ at the range of 298 to 598 K. The system has realized highly sensitive noncontact measurement of the low reflectivity surface induced by the oxidization of the samples at 598 to 748 K. 121 Therefore, with the advantages of being noncooperative and highly sensitive, this study is of great significance to the study of high precision thermal expansion coefficient determination of materials at a wide temperature range. 
Evaporation Rate of Liquid and Liquid Level Measurement
Liquid level measurement is fundamental in many industrial occasions. The ordinary methods, including mechanical and pressure-based sensors, are contact-based and limited to certain kinds of liquids. Yet the real-time measurement and accuracy need to be improved. The laser feedback interferometer can also be applied in liquid level measurement. 123 The laser used is a laser diode in which the driving current is in the form of a triangular wave. The appearance of the liquid surface can be divided into two categories: the still surface and the choppy surface. In the still surface, the liquid is motionless, and the surface is flat. It can be assumed that its optical performance is similar to a mirror, and the beam is reflected in a coherent manner. In the choppy surface, the liquid is shaking at a relatively high frequency. The optical performance is similar to the target with a rough surface. In this case, instead of being reflected, a portion of the incident light is scattered in different directions. The two surfaces are optically different. The first one can induce laser instability when the reflected beam is perfectly redirected in the cavity, but it is extremely sensitive to deviation from the perpendicular condition between the laser and the liquid surface. In the second scenario, the optical power is spread due to the diffusion of the choppy surface. Therefore, there is always a possibility of reading a signal, even if it is not perpendicular to the water surface, but the amplitude could be very low. 124 The volatility or evaporation rate of the liquid is another significant parameter, which is defined as the liquid level variation within a unit of time. When adjusting the beam incident perpendicularly into the liquid surface, the laser frequency shift feedback interferometer can be utilized for evaporation measurement. 125 On the basis of the structure of the frequency shift feedback interferometer, a hollow arm is installed at the interface of the interferometer, and the laser beam is turned by 90 deg with a right-angled prism fixed at the end of the hollow arm. The evaporation rates of four colorless transparent liquid samples, including distilled water, absolute alcohol with a proportion larger than 99.7%, acetone, and ether, are measured in the system. The evaporation rate of distilled water is 34 nm∕s; alcohol is 172 nm∕s, which is 5 times of that of water; acetone is 932 nm∕s, which is 4 times greater than that of alcohol; and ether is 2349 nm∕s, which is 3 times that of acetone, 14 times that of alcohol, and 2 orders higher than that of water.
Acoustic Fields Distribution Measurement
The visualization of sound field propagation in gases, fluids, and transparent media is of major interest in recent research. The traditional methods remain bulky and highly sensitive to mechanical perturbations, which limit the accuracy of measurement. Gamidov et al. 126 proposed a method for sound pressure measurement in a small volume based on optical feedback in single-mode diode laser. Based on this foundation, an ultra-simplified laser feedback interferometer system is designed to facilitate the direct sensing of the acoustic fields, permitting its reconstruction as 2-D images proposed by Bertling et al. 127 The schematic diagram is shown in Fig. 14. According to the theoretical analyses above, the power output of the laser subject to optical feedback can be derived as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 4 ; 3 2 6 ; 6 1 7
where P 0 is the power emitted by the stand-alone laser; m is the modulation index, which is strongly dependent on the external cavity length and the external cavity reflectivity; ω F is the laser frequency under feedback; and τ is the external cavity round-trip time. Under the effect of acoustic fields, τ can be expressed as E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 4 5 ; 3 2 6 ; 5 2 9
where τ 0 ¼ 2nL∕c is the constant part and δτ is a variable part resulting from the compression of the propagation medium that induces a refractive index change δn when the propagating acoustic wave overlaps with the laser beam. The system, as demonstrated, can cope with imaging propagation of sound waves as the acoustic field interacts with the environment. This method has the distinct advantage of simplicity, as it requires only a commercial laser diode, a collimating lens, and a light reflector, with minimal electronics and signal processing in order to realize the imaging of the acoustic field. Physical quantities are of significance in various fields. By applying the precise measurement results of laser feedback interferometers, accuracy in physical quantities can be improved to a higher level, which is beneficial for future applications.
Laser Feedback Technology Applications in
Other Fields Although precise measurements in metrology, laser parameters, and physical quantities are significant, there are various targets in industrial and research situations for which measurement cannot be scaled as accurate values. Laser feedback interferometers also has attractive performance in these fields due to their ultrahigh sensitivity and accuracy. Some typical applications are described below.
Confocal Tomography and Imaging
Imaging objects in a diffusing environment and imaging diffusing objects in three directions are attracting more and more research attention. The optical tomography technique is widely applied in imaging of biological tissues, undersea visibility, and three-dimensional imaging. However, due to the rapid decrease of the backscattering intensity as the detection depth increases, the method has limits in resolution and penetration depth. Lacot et al. 128 proposed laser optical feedback tomography, which can realize the imaging of a French coin immersed in 1 cm of milk using the high sensitivity of the laser feedback effect, the defocus effect on the intensity modulation amplitude, and the resonant enhancement of the intensity modulation amplitude by tuning the frequency shift toward the relaxation oscillation frequency is revealed. Sekine et al. 129 performed the transmission type of self-mixing optical confocal tomography in a highly scattering medium by utilizing the high sensitivity in a solid-state laser. Due to the ultrahigh sensitivity in the laser frequency shift feedback interferometer, combining the technique of confocal tomography, laser confocal feedback tomography is proposed by Tan et al. 130, 131 The method employs the axial positioning ability of confocal microscopy. The schematic diagram is shown in Fig. 15 .
The resolution of the system is verifiable. The vertical resolution can be evaluated by scanning the defocus response curve and measuring its full width at half maximum (FWHM). From the experiments, the FWHM of the defocus response curve is about 13 μm. The lateral resolution is verified by using a standard grating. The lateral resolution can be obtained to about 1 μm by image analysis of the step. The system has been proved with high resolution and recognition capability of different structures and tissues. Also, due to the ultrahigh sensitivity in the system, the detection capability has reached a high depth. The system can be applied in measuring the structures of microelectromechanical system devices. 132 The measured etching depth of the largest trench is 90 μm with the width of 350 μm, which is consistent with the manufacturing requirements.
Tissues such as foam and onion inside water can also be measured by the laser confocal feedback system, as shown in Fig. 16 . The onion is put into water to avoid the deformation induced by dehydration.
A pin tip is inserted inside the onion to show the significant improvement in detection depth; from the results, the penetration depth inside the onion can reach 2.5 mm. 133 Wang et al. 134 proposed a method for microstructure measurement based on the laser confocal feedback system. The linear relationship between the optical feedback light amplitude and the defocusing amount is calibrated. When scanning the sample in the lateral direction, the amplitude of the feedback light scattered by the sample changes with the sample structure. By comparing the detected feedback light amplitude with the calibrated linear range, the structure can be measured. The accurate measurement of the step height etched in the grating proves its high resolution and absolute positioning in a nonambiguous range of about 10 μm.
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From the results, it can be seen that the confocal tomography technique has the capability to realize in-depth structure measurement of microstructured components with high sensitivity.
Considering that there are urgent demands for threedimensional imaging of the target surfaces as well, many techniques emerge. The advantage of the resonant sensitivity of a short-cavity laser to frequency-shifted optical feedback for highly sensitive detection makes it ideal for surface and volume measurements of noncooperative targets. 136 As a result, the confocal tomography method is also applicable in three-dimensional imaging. Rapid depth scanning is made possible by the use of an electrically controlled variable-focus lens. A variable-focus lens can be manufactured to have a diameter ranging from a few hundred micrometers to 10 mm. This cheap and simple device can be used in any orientation and has good resistance to vibration and shock. 137 With a variable-focus lens, the depth range can be as high as 15 mm, with a precision of 100 μm. The scanning time could be reduced by several orders of magnitude with the use of an array of microchip lasers. The method has potential for fast imaging in three dimensions, but the imaging characteristics remain on the surfaces of the target.
From the two main application directions mentioned above, it can be seen that confocal tomography has the capability to measure both the inner structure and the surface characteristics of objects. With the detection depth improving, biological tissues can be measured further.
The laser frequency shift feedback interferometer can also be employed for cell imaging. 138 It can be deduced that the laser feedback interferometer is well adapted for biological tissues observation on a cellular scale. The system is easily adaptable on a classical microscope, and the laser feedback interferometer images show good contrast, revealing new information compared to other traditional microscopy techniques, in particular, with respect to the relief of the sample without addition of a contrast agent. Hugon et al. 139 combined the information in both magnitude signals and phase signals to improve measurement accuracy. Jacquin et al. 140 presented a laser feedback interferometer device insensitive to optical parasitic reflection, avoiding the adverse effect caused by a parasite in the optical system on amplitude and phase images.
Sound Reproduction
Similar to the work reported in vibration measurement based on the laser feedback interferometer, the vibration caused by sound propagation can also be measured and used for sound reproduction. Nanometer vibration analysis of a target has been demonstrated by a self-aligned optical feedback vibrometry that uses a laser-diode-pumped microchip solidstate laser by Abe et al. 141 The modulated output waveforms are analyzed using Hilbert transformation. The light intensity feedback ratio can be adjusted using a variable attenuator. Experimental signal characteristics can be well reproduced by numerical simulations. The measurement results at the feedback ratio less than −110 dB obtained by the present technique may enable us to perform in situ analyses of, e.g., moving or vibrating targets embedded in optically diffusive media, tissue biomonitoring, cooled atoms, and earthquakes. The almost inaudible sound of music from a speaker below a 20-dB sound pressure level can be clearly reproduced by the present optical microphone.
A high-accuracy fiber optical microphone (FOM) is also applied by a self-mixing technique in a distributed Bragg reflector (DBR) fiber laser based on a nanothick silver diaphragm by Du et al. 142 The nanothick silver diaphragm fabricated by the convenient and low-cost electroless plating method functions as a sensing diaphragm due to its critical susceptibility to air vibration. Simultaneously, the microvibration theory model of self-mixing interference FOM is deduced based on the quasianalytical method. The dynamic property to frequencies and amplitudes is experimentally carried out to characterize the fabricated FOM. The reproduced sound of speech and music can be clearly heard by the human ear, which shows the technique proposed guarantees steady, high signal-to-noise ratio operation and outstanding accuracy in the DBR fiber laser, which has potential for medical and security applications such as real-time voice reproduction for speech and voiceprint verification.
Lu et al. 143 investigated the laser feedback interferometer based on a Er 3þ -Yb 3þ DBR fiber laser. It can provide a remote measurement of the displacement and the vibration up to 20 km, which shows the potential for remote sound reproduction. Accurate sound reproduction has significant value in the military field.
Random Bit Generator and Chaos
Random bit generators are crucial in Monte-Carlo simulation, stochastic modeling, the generation of classical and quantum cryptographic keys, and the random initialization of variables in cryptographic protocols. The existing physical generators based on stochastic noise sources have been limited in bandwidth to ∼100 MHz∕s generation rates. A physical random bit generator based on a chaotic semiconductor laser with high generation rate is proposed by Kanter et al. 144 By employing the time-delayed laser feedback effect, the method uses a high derivative of the digitized chaotic laser intensity and generates the random sequence by retaining a number of the least significant bits of the high derivative value. The method is insensitive to laser operational parameters and eliminates the necessity for all external constraints, such as incommensurate sampling rates and laser external cavity round trip time. The generation rate can be as high as 300 GHz∕s. Zhang et al. 145 proposed a scheme for enhancing the bandwidth of optical chaotic signals generated from a Fabry-Pérot laser diode with optical feedback using dual-wavelength optical injection and demonstrated experimentally the generation of a broadband chaotic laser up to 32.3 GHz by this method, which can also be applied as the random bit generator.
The demand for increasing security in data exchange using the technology of optical communication networks has directed a considerable part of research to physical layer data encryption techniques. 146 Synchronization in nonlinear and chaotic systems has established a revolutionary approach in securing data communications over fiber transmission, by encoding the messages over chaotic optical carriers. The laser diodes or semiconductor lasers are numerously applied in generating optical chaos. 147 External optical feedback is the most prominent configuration in applications using laser diode chaos with respect to the laser internal timescale and the sensitivity of the phase to the returning field, creating various dynamic methods leading to chaos in large frequency bandwidth. 148 The feedback can be provided by simply adding an external mirror or adding additional components, such as diffraction gratings, 149 polarizers, 150 or wave plates, 151 proving multiple promising ways to produce and control chaos.
The above applications give a brief view of laser feedback interferometry used in other fields. With the growing demands of measurement in various fields, the application of laser feedback interferometry will be explored further.
Summary
In this paper, an overview of laser feedback technology is presented. The theoretical analysis is carried out with both the Lang-Kobayashi model and the three mirror model. In particular, the effects of frequency shift feedback and polarization shift feedback are introduced and researched. Due to the autodyne nature in the laser feedback effect, the laser itself can be used as the detector and does not need the reference beam, and the optical paths do not need additional optical components such as isolators, beam splitters, or target mirrors. The signals detected by photodetectors can be easily collected and modulated, simplifying the structure and reducing disturbance noise and cost as well. Some of the optical systems in the paper are complicated, and the cost to build them is high. But these systems are aiming at specific targets, such as little zero drift, high robustness, high measurement accuracy, or capability for measuring some targets that cannot be easily measured by other methods or techniques. The feedback phenomena can be found in various kinds of lasers, which greatly expands its applications.
The laser feedback effect can be applied in a great range of fields such as metrology, laser parameters measurement, physical quantities measurement, and others. Some of the typical and significant applications are introduced and explored in the body of the overview. The basic principle, the system configurations, and measured results are revealed as well. Hopefully, the representative examples can be employed and transferred in future research in the field of laser feedback.
Laser feedback interferometry has great potential to be exploited in further study. With the fast development in lasers and related technologies, laser feedback can be developed to meet the various specific demands of measurement.
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